The development of techniques for identifying hadronic signals from the overwhelming multijet backgrounds is an important part of the Large Hadron Collider (LHC) program. Of prime importance are resonances decaying into a pair of partons, such as the Higgs and W/Z bosons, as well as hypothetical new particles. We present a simple observable to help discriminate a dijet resonance from background that is effective even when the decaying resonance is not strongly boosted. We find consistent performance of the observable over a variety of processes and degree of boosts, and show that it leads to a reduction of the background by a factor of 3 − 5 relative to signal at the price of 10 − 20% signal efficiency. This approach represents a significant increase in sensitivity for Standard Model (SM) measurements and searches for new physics that are dominated by systematic uncertainties, which is true of many analyses involving jets -particularly in the high-luminosity running of the LHC.
Introduction -Hadron colliders open a direct observational window on physics at the shortest distance scales. Indeed, the heaviest fundamental particles in the SM, the top quark and the Higgs boson, were discovered at the Tevatron and LHC, respectively [1] [2] [3] [4] . However, hadronic collisions also give rise to large rates for jetrich processes from Quantum Chromodynamics (QCD), which can mimic those of a non-QCD origin, such as jets from the decays of electroweak gauge and Higgs bosons. As an alternative, many of the properties of the SM bosons are typically measured in final states with one or more leptons, at the expense of smaller signal rates resulting from the subdominant leptonic branching ratios of the H, W ± , and Z 0 . In scenarios where there is a discrepancy between experimental results in fully leptonic channels and the SM predictions, or where the signal rate is very small, it is important to consider hadronic decays of electroweak bosons. Moreover, some theories beyond the SM (BSM) predict the existence of new particles that decay entirely hadronically, such as supersymmetric theories with hadronic R-parity violation [5] . Any improvement in the discrimination of hadronic resonances from QCD backgrounds further maximizes a hadron collider's ability to perform precision SM measurements and its potential to discover new resonances.
There are several examples which motivate an improvement in the identification of hadronic resonances. The measurement of the production cross section of WW + WZ in the semi-leptonic channel can help shed light on the persistent discrepancy between theoretical predictions of the WW production cross section and experimental results from the fully leptonic channel [6] [7] [8] . Another example is the precision measurement of the Higgs boson decay rate into a pair of b-quarks, which is an essential test of the Higgs mechanism for generating fermion masses. Moreover, many theoretical extensions of the SM predict new resonances which decay into electroweak bosons and/or directly into hadrons. An improvement in the ratio of signal to background rates is important since searches for hadronic final states are often limited by systematic uncertainties, particularly with high integrated luminosity.
One region of phase space where the kinematics of the signal differs substantially from that of the background is the boosted resonance regime where the decay products are collimated. They can then be grouped into a single jet whose substructure is dramatically different from that of jets originating from QCD emission. This approach was introduced by Butterworth et al. [9] for the important case of the Higgs boson decaying into a pair of b-quarks. Their method (BDRS) relies on the fact that the masses of the two leading subjets originating from the b-quarks tend to be much smaller than the mass of the entire jet, which reconstructs the Higgs. This is in contrast with jets from QCD processes, where the mass of the jet arises from a sequence of wide-angle emissions. Therefore, the "mass-drop" between the total jet mass and the subjet masses provides a powerful discriminant between boosted Higgs bosons and QCD jets. Subsequently, variants on this method have been used to identify other boosted hadronically decaying objets, such as top quarks and W ± bosons [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] .
While jet substructure tools are powerful for identifying boosted resonances, these techniques typically involve paying a large penalty in signal efficiency, since many SM and BSM processes produce hadronic resonances without a substantial boost. With smaller boost, partons from the resonance decay are no longer collimated to the same degree and can only be grouped into a single jet if the radius parameter R of sequential jet clustering algorithms [20] is very large, since R ∝ m resonance /p T . There can be several issues with this, among them the fact that contamination from the underlying event and pile-up grows with radius [21] , and that defining new physics objects associated with the large-R jets requires a re-calibration of detector response and other experimental effects (although see [22] ).
In this Letter we propose an alternative approach to identifying hadronically decaying resonances which is not restricted to the highly boosted regime. It draws its efficacy by scaling the original "mass-drop" with the separation between the two resolved jets, thus maintaining arXiv:1407.7037v1 [hep-ph] 25 Jul 2014 discriminating power over a wider range of dijet angular separation. Our technique involves only separately resolved jets whose properties and detector response have been well-measured at the LHC, and does not require the calibration of new objects. We demonstrate the effectiveness of this new technique in identifying dijet resonances in a variety of processes, both in the SM as well as its extensions. Earlier studies have also considered the possibility of combining resolved and boosted analyses [23] . New Observable -Consider the decay of a mildly boosted boson (V) into quarks, which are consequently well separated, and result in two resolved jets, j 1 and j 2 . We can use the resolved jets to form the standard "mass-drop" variable, m1 m12 ≡ max(m j1 , m j2 )/m 12 where m ji is the mass of j i and m 12 is the invariant mass of the dijet system. This is a useful variable in jet substructure studies, but for well-separated jets, a major component of the background comes from a hard QCD splitting, giving rise to a mass drop that decreases as the separation increases. We therefore modify the conventional massdrop criterion by considering cuts which become stricter as the separation of the jets increases, specifically imposing upper cuts on m 1 /m 12 that scale with 1/∆R 12 .
We now give a heuristic argument for this form of cut by considering the relative typical scaling of signal and background. The mass of each individual jet arises from QCD radiation and varies widely from jet to jet, but its average is given by m
T /π in the small jet radius R limit through O(α s ), where p T is the jet's transverse momentum and C is a color-dependent and jet-algorithm-dependent order-unity factor [24] . Since R is fixed by the jet reconstruction algorithm, and for mild boosts p T ∼ m V /2, the individual jet mass for signal varies over only a limited range. On the other hand, the combined mass, m 12 should reconstruct the decaying V mass. By contrast, the background scaling can be very different. For example, consider W+jets processes, where the extra jets can arise from a hard splitting from a single parton. Since the dijets arise from a hard splitting, we expect the combined mass to scale as m 2 12 = Cα s ∆R 2 12 P 2 T /π, where ∆R 12 is the separation between the individual jets, and P T is the transverse momentum of the combined system. This relation will of course breakdown for very large ∆R 12 , but we expect it to still be useful in the intermediate region between a boosted dijet system (∆R 12 < 0.4) and one where the two jets are back-to-back (∆R 12 ∼ π). We thus expect the following approximate scaling for the "mass-drop" variable,
where R is the jet radius used in defining the jets, often R ≈ 0.4. For signal we therefore expect m1 m12 ∼ 0.1. The above relations motivate the following observable,
and the following cut as a discriminant of a dijet resonance against background,
with ζ c a parameter optimized in Monte-Carlo studies.
From the above we expect ζ c ≈ 0.1, as we indeed find in the examples below. In what follows, we apply the cut, Eq. (4) to a variety of processes and find a consistent enhancement in signal over background S/B ∼ 2 − 5. It comes at a price of a signal efficiency of O(10 − 20%) and a small reduction in S/ √ B. As such, it proves a powerful new tool to search for hadronic resonances in situations where the measurement is dominated by systematic uncertainties. We find that this observable significantly outperforms m1 m12 and ∆R 12 individually. While it is possible to generalize this observable in a variety of ways, here we study one straightforward such generalization and consider the form,
with a similar cut as in Eq. (4). Here R c is again some phenomenological parameter optimized in Monte-Carlo. This generalized cut retains a higher signal efficiency at the price of only a small reduction in S/B and thus proves useful in avoiding the reduction in S/ √ B. Our variable depends on the small mass of a resolved R=0.4 jet which could be sensitive to pile-up contamination. We have checked that pile-up indeed affects the performance of our observable significantly; however we have verified that trimming [25] with parameters optimized for small-radius jets can recover the original sensitivity to within 10-20%.
WW+WZ -As our first example, we consider the measurement of the combined SM production cross section of WW + WZ in the semi-leptonic channel, i.e. in pp → jj ν, with the two jets reconstructing the W ± or the Z 0 . This measurement is of particular importance given the persistent discrepancy between theory and observation in the WW cross section in the fully leptonic channel pp → ν ν [6] [7] [8] .
We follow the 7 TeV analysis presented by the CMS collaboration in ref. [26] , where by far the largest background is W+jets. We simulated both background and signal events using Madgraph 5 [27] and showering through Pythia 6 [28] , with matching of matrix elements to parton showers done using an MLM-based shower scheme [29] . Jets were then clustered using the antik T algorithm [30] with the Fastjet package [31] , and our simulations are in good agreement with the results of ref. [26] . At √ s = 13 TeV, we apply similar selection cuts as the CMS analysis but with the jet p T and / E T 
FIG. 1:
The top pane shows histograms of both the dominant W+jets background as well as signal before applying the cut on ζ, but after all of the selection criteria described in the text. In the middle pane, we show the same distributions but after applying the ζ cut. The bottom pane shows the binned S/B improvement for ζc = 0.08, 0.1, and 0.12. The corresponding signal efficiencies are approximately 3%, 10%, and 25%, respectively. cuts scaled up to 50 GeV. To quantify the gain obtained from an additional cut on ζ, in Fig. 1 we plot the dijet invariant mass distribution before and after the ζ cut. We also show the improvement in S/B in each dijet invariant mass bin. A gain in S/B of 3-4 is obtained with a cut of ζ < 0.1 at the price of O(10%) signal efficiency. This could improve the precision with which the WW + WZ cross section is measured at Run-II of the LHC at high luminosity.
Higgs decay to bb -The second example we consider is the very important SM process pp → HW ± → bb ν. This is a challenging rate to measure at the LHC and was the subject of the boosted analysis in ref. [9] , which inspired much subsequent work into jet substructure. We use it to demonstrate the utility of the shifted observable, Eq. (5), in maintaining a higher signal efficiency with a similar enhancement in S/B.
We follow the existing analysis by ATLAS [32] done at 7 and 8 TeV and validate our simulations by applying the same event selection criteria. In what follows, we concentrate on the higher energy run at 13 TeV and apply the same selection. Both background and signal were simulated as discussed above. For concreteness, we focus on the WH signal with two resolved b-tagged jets and one lepton as outlined in the ATLAS analysis. We concentrate on the part of phase-space where the vectorboson transverse momentum is p V T > 90 GeV, and the Higgs boson consequently has a modest boost. The dominant backgrounds after b-tagging are top pair, W+jets, and diboson production. Fig. 2 displays the b-tagged dijet invariant mass distributions for both background and signal at √ s = 13 TeV before and after applying the cut from Eq. (5) with ζ c = 0.11 and R c = 0.2. The parameter ζ c is consistent with the examples above, whereas the parameter R c was chosen to yield an improvement in relative signal efficiency (∼ 20%) while maintaining a similar increase in S/B of 3 − 4. The lower panes in Fig. 2 show the behavior of the relative signal efficiency and the efficiency ratio against the parameter R c for various choices of ζ c . One generally obtains a larger efficiency with increased R c and ζ c , at the price of a reduced gain in S/B. Importantly, it is possible to obtain an enhancement in S/B without sacrificing S/ √ B. Even excluding the highly boosted region (p V T > 200 GeV), the cut on ζ yields an enhancement of S/B of 2 − 3. In that respect, our method yields gains in regions of phase-space complementary to that of BDRS, which targets highly boosted Higgs bosons.
Searches which are limited by statistical uncertainties are difficult to improve upon with our method since S/ √ B is typically not enhanced. The ATLAS H → bb analysis [32] which combines the full 7 and 8 TeV dataset has only about ∼ 30 events in the region considered (two resolved b-tagged jets, one lepton, and p V T > 90 GeV). However, the goal of such a search is to determine the Hbb coupling as precisely as possible, and with the accumulation of more data, statistics will be less of a concern and our method may prove useful once systematic uncertainties dominate.
Z → WW and W → ZW searches -The final example we consider is of BSM physics with a new heavy resonance decaying into two vector bosons which subsequently decay semi-leptonically, Z → WW → jj ν or W → WZ → jj ν. These two processes have similar kinematics and so we focus on the former for concreteness. This example allows us to investigate the performance of the cut as the boost of the hadronic W varies with the Z mass (the boost is ∼ M Z /2M W ).
We follow the 7 TeV ATLAS analysis of ref. [33] and simulate both background and signal events as described above, concentrating on the dominant tt and W+jets backgrounds. We apply all cuts from the ATLAS diboson analysis. In Fig. (3) , we show the reconstructed invariant mass of the µνjj system before and after the cut for both background and signal. After the cut the signal features prominently above background, and a mass-point which was only marginally excluded due to large (∼ 30%) systematic uncertainties, can be thoroughly ruled-out. The efficiency of the cut as a function of ζ c for signal, as well as the ratio of signal to background efficiencies, are shown in the lower panes for several choices of the Z mass. Conclusions -In this Letter, we introduced a new observable that improves the identification of resonances that decay to two resolved jets. It is the product of the "mass-drop" variable known from jet substructure studies and the dijet separation, ∆R 12 . Importantly, it uses only small-radius jets as employed by ATLAS and CMS, and a cut on this observable can be applied in a In the upper two panes we depict the invariant mass distribution of the µνjj system before and after the cut, Eq. (4), for both signal and background. In the two lower panes we show the efficiency of the cut and the ratio of signal to background efficiencies as a function of ζc, for various values of the Z mass. straightforward way to existing analyses without additional calibrations needed for large-radius clustering. We illustrated the efficacy of this observable and its generalization in enhancing S/B in important SM as well as BSM processes. The cut easily lends itself to optimization associated with the interplay between S/B enhancement and signal efficiency. Thus, it can be used in searches with different ratios of systematic to statistical uncertainties. Many more processes can benefit from this observable and we leave to future study the elucidation of its utility. 
